Ultra low density of CdTe quantum dots grown by MBE 



J. Kobak, J-G. Rousset, R. Rudniewski, E. Janik, T. Slupinski, P. Kossacki, A. Golnik, and W. PacuskQ 

Institute of Experimental Physics, Faculty of Physics, 
University of Warsaw, ul. Hoza 69, 02-681 Warsaw Poland 

This work presents methods of controlling the density of self-assembled CdTe quantum dots (QDs) 
grown by molecular beam epitaxy. Two approaches are discussed: increasing the deposition temper- 
ature of CdTe and the reduction of CdTe layer thickness. Photoluminescence (PL) measurements 
at low temperature confirms that both methods can be used for significant reduction of QDs density 
from lO^^QD/cm^ to lO'^-lO'^QD/cm^ For very low QDs density, identification of all QDs lines 
observed in the spectrum is possible. 
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I. INTRODUCTION 



The density of QDs in a sample is the crucial lim- 
iting factor for individual QDs spectroscopjl^El. Typi- 
cally II- VI systems, such as self-assembled CdTe/ZnTe 
QDs, exhibit such a high density of dot^^'^ (order of 
10^°QD/cm^) that the typical laser spot in microscope 
system (0 = 2 ^m) excites hundreds of a dots simultane- 
ously. Good spectral separation of single QD is possible 
only for dots with particularly low emission ex^evg-^^^. 
In order t o red uce the number of observed QDs one can 
use maskJS nH et ch mesa structures'^, or use near field 
spectroscopjff^^ but all such techniques affect the op- 
tical properties such as polarization. A much better so- 
lution is to find growth conditions which result in the 
formation of very low density QDs. This is the moti- 
vation of our study. We received good hints from Wo- 
jnar et al^^, who showed that QDs density can be re- 
duced by thermal annealing (but still hundreds of QDs 
per laser spot were observed) . We developed growth con- 
ditions which result in ultra low density of QDs e.g. 1-3 
QDs per laser spot. Our preliminary results have shown 
that CdTe QDs density depends on growth temperature, 
therefore we systematically investigated the influence of 
deposition temperature of CdTe layer and ZnTe cap layer 
on the density of QDs. In order to distinguish between 
the effect of thermal annealing and effect of CdTe des- 
orption, we also made a reference series of samples grown 
with various thicknesses of the CdTe layer from which 
dots were formed. 
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II. GROWTH 



FIG. 1: (color onhne) Structure of samples - CdTe/ZnTe QDs 
on GaAs (100) substrates. 



Samples were grown using molecular beam epitaxy 
(MBE) in growth chamber model SVT-35. We used 
GaAs:Si (100) substrates covered by 1 ^m thick ZnTe 
buffer layers. The scheme of the structure is shown in 
Fig.[l] 

In order to verify that our ZnTe buffer is smooth the 
intensity of RHEED (Reflection High Energy Electron 
Diffraction) signal was recorded as a function of time. 



After growth interruption, well-defined RHEED signal 
oscillations (Fig. [2| due to ZnTe growth were present for 
a relatively long time (about 50 s) what was considered 
as a proof of good-quality ZnTe buffer. The buffer was 
grown always at the same substrate temperature T = 
365°C. Since in our system the thermocouple is in a ra- 
diative thermal contact with the substrate, the substrate 
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temperature calibration was obtained by determination 
of sublimation rate of CdTe and comparing it with data 
from Ref!i^, where thermocouple was in contact with the 
substrate. This allowed us to determine the relation be- 
tween the temperature shown by our thermocouple and 
real substrate temperature. Consequently, for the tem- 
perature range 300-400° C the precision of our substrate 
temperature measurement is ± 5°C. 




temperature of ZnTe cap. In each case the deposition 
temperature of the CdTe thin layer and the ZnTe cap 
was the same. Second series of samples was obtained 
with various thickness of CdTe layer. This parameter 
varied from 4 to 16 ALE cycles of CdTe. During each of 
ALE loops 0.25 of monolayer has been deposited. Both 
the deposition temperature of CdTe layer and the ZnTe 
cap layer were fixed at 334° C. We found that samples 
with thinner CdTe layer exhibit lower QDs density in PL 
measurements. For each of the described series of sam- 
ples, the characteristic transformation of RHEED image 
from 2D to 3D, related to QDs formatiorP, was observed 
(Fig-i- 




FIG. 2: (color online) RHEED signal intensity oscillations 
observed after growth interruption of ZnTe buffer. 

CdTe QDs were formed using a method of amorphous 
tellurium desorption proposed by Tinjod et al^. The 
thin CdTe layer was deposited by ALE (Atomic Layer 
Epitaxy), then the substrate was cooled down in the 
presence of tellurium flux in order to deposit amorphous 
tellurium, next the substrate was heated to growth tem- 
perature. Tellurium was evaporated and a ZnTe cap was 
grown. Two series of samples were grown with two ap- 
proaches for the deposition of a thin CdTe layer. In the 
first one we used a fixed number (12) of ALE cycles of 
CdTe which at 334 °C corresponds to 3 monolayers (MLs) 
of CdTe and we varied the temperature during growth 
in order to influence QDs density. The low density of 
QDs was obtained when we strongly increased both de- 
position temperature of the CdTe layer and deposition 



FIG. 3; (color online) Typical RHEED image of CdTe layer a) 
before and b) after desorption of amorphous tellurium which 
lead to characteristic transformation from 2D to 3D image. 



III. MICROPHOTOLUMINESCENCE RESULTS 

Low-temperature (T = 7 K) microphotoluminescence 
(/iPL) measurements were conducted in typical setup 
with the microscope objective giving laser spot with 
about 2 /im diameter. Excitation was by a blue laser 
diode (405 nm). Spectral resolution was 0.08 meV. For 
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both series of samples we observed sharp emission hnes 
related to single QDs, which we consider as a confirma- 
tion of formation of QDs in all tested growth conditions 
(Figs. |4]and ^. The main difference between results 
obtained for various samples was the number of sharp PL 
lines observed in the spectrum. At the limit of the low 
excitation power each QD gives only a few intense lines 
(Figs. |6]and f7|: neutral exciton line (X) and one or two 
trion lines (X'^nd/or X~^P^. This allows us to estimate 
the number of emitting dots per area of the laser spot, 
and consequently, the QDs density. Example spectra are 
presented in Fig. |4] for series of samples with different 
deposition temperature of CdTe layer. The increasing of 
CdTe deposition temperature results in decrease in the 
number of observed QDs lines. Also the averaged emis- 
sion energy of the QDs ensemble is increasing. It shows 
that for higher growth temperature we observe smaller 
QDs density and the typical size of the dot is smaller 
or typical potential depth is more shallow. Such effects 
could be caused by temperature induced evaporation of 
CdTe layer. The decrease of the potential depth could be 
caused by temperature induced mixing of CdTe in QDs 
with ZnTe from the barrier. Depending on the temper- 
ature conditions we obtained samples with various esti- 
mated densities of QDs: with typicaP values of the den- 
sity of QDs (10^°QD/cm^), a sample with low-density of 
QDs (lO^QD/cm^) and samples with ultra-low-dcnsity 
of QDs (10''-10^QD/cm^). We obtained very similar re- 
sults for samples grown with density of QDs controlled by 
CdTe layer thickness (/iPL spectra presented in Fig. [5]). 
Decreasing the thickness of the CdTe layer results in re- 
duction of density of QDs and increase of the averaged 
photon energy emission. We interpret this effect in the 
following way: thinner CdTe layer results in smaller size 
and number of QDs. 

Both approaches to the reduction of QDs density: in- 
creasing CdTe deposition temperature and decreasing 
amount of deposited CdTe results in a similar evolution 
of optical properties of QDs ensemble (Figs. 4] and [5]). 
We conclude that the key parameter in both cases is 
the amount of CdTe material overgrown by ZnTe cap. 
The main impact of the increased temperature during 
CdTe deposition is therefore desorption of CdTe mate- 
rial. We note here that both methods of controlling QDs 
density were combined in the method using amorphous 
telluriunP. Other methods of CdTe/ZnTe QDs forma- 
tion result generally in higher QDs densitie^ and reduc- 
tion of the QDs requires separated study. 



IV. NEW OPPORTUNITIES COMING FROM 
LOW-DENSITY OF DOTS 

Reduction of the number of QDs all ows e asy identi- 
fication (Fig. ^ and study of propertie^^^ almost all 
emission lines in broad /iPL spectrum. This is unavail- 
able without using additional treatments like mesas in 
usual samples. 
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FIG. 4: (color online) PL spectra of CdTe/ZnTe QDs for vari- 
ous CdTe deposition temperature. Influence of the deposition 
temperature on the density of QDs and optical properties. Es- 
timated numbers of QDs excited by laser spot {(j> — 2 fim) are 
given. 



The QDs grown by us with ultra low density exhibit 
typical properties of CdTe QDs: characteristic pattern 
of emission lines associated with different excitonic op- 
tical transitions in single QD. We identified strong lines 
related to neutral exciton in the highest energy, trions 
in intermediate energies, biexction in lowest ener gy, and 
weaker lines associated with higher charged states^E^E^. 
Emission lines were identified by a combination of var- 
ious methods: measurement of luminescence intensity 
as a function of excitation power, linear polarization 
anisotropy measurements (Fig. [?]) and Zeeman effect. 
Studying QDs with ultra low density opened for us the 
possibility to study QDs with various sizes and emission 
energies, including QDs with typical dimensions, with PL 
in the middle of the QDs ensemble. 
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FIG. 5: (color online) Influence of the CdTe layer thickness 
on the density of QDs and optical properties. In this series of 
samples CdTe was deposited at 334 °C. For this temperature 
4 ALE correspond to 1 ML, 8 ALE to 2 MLs, 12 ALE to 3 
MLs, and 16 ALE to 4 MLs of CdTe. Estimated numbers of 
QDs excited by laser spot (0 = 2 /im) are given. 

V. CONCLUSIONS 

We developed two methods of obtaining samples with 
ultra low density of QDs: increasing CdTe deposition 
temperature and decreasing CdTe layer thickness. Both 
methods give expected results - tunable QDs density. It 
is difficult to distinguish which method is better. Ultra 
low density of QDs allows the identification of almost 
all emission lines in whole PL spectra and the QDs show 
typical properties reported before for CdTe/ZnTe system. 
Successful control of QDs density opens new perspectives 
for spectroscopic studies of QDs. 



FIG. 6: (color online) Low-density of QDs allows the identifi- 
cation of almost all emission lines in PL spectra. We identified 
emission lines from three QDs: neutral excitons (X, XX), and 
charged trions (X+, X", X^- ,XX-). 
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FIG. 7: (color online) Emission lines show typical anisotropy 
properties: neutral exciton and biexciton have opposite linear 
polarization and trions are not linearly polarized. 
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